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LABORATORY INVESTIGATION
Glomerular macrophages produce reactive oxygen species in
experimental glomerulonephritis
NEIL W. BOYCE, PETER G. TIPPING, and STEPHEN R. HOLDSWORTH
Monash University, Department of Medicine, Prince Henry's Hospital, Melbourne 3004, Australia
Glomerular macrophages produce reactive oxygen species in experi-
mental glomerulonephritis. The production of reactive oxygen species
by intraglomerular macrophages was assessed in a macrophage depen-
dent model of diffuse proliferative glomerulonephritis in rabbits. Gb-
merular macrophages were obtained from isolated nephritic glomeruli
by short term (60 mm) culture. Control macrophage populations were
simultaneously obtained from peripheral blood (blood monocytes) and
lung lavage fluid (alveolar macrophages). Superoxide anion (O,),
hydrogen peroxide (H202) and hydroxyl radical (OH) production was
assessed. Glomerular macrophage production of 02 (48.9 5.5 nmoll
hr/106 cells), H202 (4.4 2.5 nmol/hr/106 cells) and OH (57.8 4.7 UI
hrIlO6 cells) was significantly greater than the production of reactive
oxygen species seen with control monocyte populations: alveolar
macrophages, 02 9.8 2.0 nmol/hrIlO6 cells; H20, 0.6 0.3 nmollhrl
lo6cells; OH 11.0 1.8 U/hrllo6cells; blood monocytes, 02 8.6 1.4
nmoIIhrIlO6 cells; OH 9.9 1.2 U/hrIlO6 cells, (all P < 0.05 cf. glom
macs). Hydrogen peroxide production by blood monocytes (1.6 0.9
nmolIhrIlO6 cells) was less than glomerular macrophages, however this
difference was not statistically significant. The enhanced production of
reactive oxygen species by glomerular macrophages in this macrophage
dependent model of glomerulonephritis suggests that these mononu-
clear cells are locally activated within the glomerulus following recruit-
ment from the circulation. Reactive oxygen species production by
glomerular macrophages may contribute to their ability to induce
glomerular basement membrane injury in this disease.
Macrophages play an important role in the production of
immune renal injury in several models of proliferative experi-
mental glomerulonephritis [1—5]. The demonstration of infil-
trating mononuclear phagocytes in human renal biopsies [6—9]
suggests that these inflammatory cells contribute to injury
mediation in human renal disease. The precise mechanisms by
which infiltrating monocytes induce glomerular injury are un-
known.
Mononuclear phagocytes possess a variety of potential in-
flammatory mediator systems. These are either contained per-
formed (for example, in membrane bound vesicles) or are
produced in response to exogenous stimuli [10, 11]. Reactive
oxygen species produced by mononuclear phagocytes following
membrane stimulation have long been recognized as playing a
vital role in intracellular killing of microorganisms [11, 12].
Recently there has been considerable interest in the potential
for phagocytic cells to release reactive oxygen species extra-
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cellularly, thereby inducing tissue inflammation and injury [13,
14].
The current study was designed to compare the spontaneous
production and release of reactive oxygen species (superoxide
anion, hydrogen peroxide and the hydroxyl radical) by isolated
nephritic glomerular macrophages, as compared to oxygen
radical production by blood monocytes and alveolar macro-
phages from animals with immune renal injury. These studies
indicate that glomerular macrophages are a locally-activated
mononuclear cell population, producing significant quantities of
reactive oxygen species which may contribute to macrophage-
mediated glomerular injury.
Methods
Animals
All studies were performed in outbred male rabbits weighing
2.0 to 2.5 kg.
Macrophage dependent model of glomerulonephritis
The late phase (autologous phase) of anti-glomerular base-
ment membrane antibody-induced glomerulonephritis (anti-
GBM GN) was studied. This macrophage dependent model of
immune renal injury requires the recruitment of circulating
mononuclear cells into glomeruli [3, 5]. It was induced by
administering sheep anti-rabbit GBM antibody intravenously to
rabbits, six days prior to sacrifice. Sheep anti-rabbit GBM
antibody was prepared as previously described [5] by the
repeated immunization of a sheep with a partially purified
preparation of rabbit GBM. Glomerular monocyte infiltration
was confirmed using esterase staining of frozen tissue sections
[15] and the technique of glomerular cell culture 15].
Techniques for macrophage isolation
Isolated macrophage populations were prepared from renal
tissue, blood and bronchoalveolar lavage fluid collected from
each rabbit at the time of sacrifice.
Glomerular macrophages. Viable glomerular macrophages
were obtained using techniques described in detail elsewhere
[16]. Briefly, glomeruli were obtained from diseased kidneys by
differential seiving of renal cortex [5], and cultured for one hour
in Eagle's minimal essential medium (Flow Laboratories, North
Ryde, N.S.W., Australia) containing 10% fetal calf serum (Flow
Labs) at 37°C in a 5% C02/air atmosphere. After culture, the
non-adherent cells were decanted off and the flasks washed
twice with culture medium. Adherent cells were then harvested
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by mechanical means, suspended in Hanks balanced salt solu-
tion (without phenol red) and cell concentration adjusted to 1.0
x l0 cells/ml. Macrophages were identified by their phase
contrast appearance, phagocytosis, enzyme histochemistry and
presence of Fc receptors as previously described [5].
Blood monocytes. Blood was collected into heparin from
animals at the time of sacrifice and the mononuclear cell
fraction was collected by density centrifugation on Lymph-
opaqueR (Nyegaard and Co., Oslo, Norway) [171. The mono-
nuclear cell population thus obtained was submitted to a
60-minute adherence step and the adherent macrophages har-
vested as described above for glomerular monocytes, after
decanting off non-adherent cells.
Alveolar macrophages. Resident alveolar macrophages were
harvested by tracheal lavage as previously described [181.
Briefly, after sacrifice, rabbits tracheas were cannulated and
their lungs lavaged in situ with 50 ml volumes of prewarmed
(37°C) Hank's balanced salt solution (without phenol red). The
cells were collected by centrifugation and contaminating eryth-
rocytes were lysed by incubating with Tris-buffered NH4CI for
five minutes at 37°C. Cells were then washed twice with Hank's
balanced salt solution and once with minimal essential medium,
and then submitted to a 60-minute adherence step and cell
harvesting as described above for glomerular macrophages.
Reactive oxygen species assays
Superoxide anion assay. 02 was measured by the superox-
ide dismutase inhibitable reduction of ferricytochrome C (Type
III; Sigma Chemical Co., St. Louis, Missouri, USA) as previ-
ously described [19]. Triplicate samples of adherent cells were
incubated in an 80 M solution of ferricytochrome C in Hank's
balanced salt solution lacking phenol red. After incubation at
37°C in air for 60 minutes, cells were removed by centrifugation
at 4°C and the absorbance of the supernatant fluid was mea-
sured at 550 nm. The E550 (extinction coefficient at 550 nm
wavelength) was taken as 2.1 x l0 M cm' [18]. The
production of O2 is expressed as nmol/hr/106 cells.
Hydrogen peroxide assay. H202 was measured by a method
described by Pick and Keisari [20] based on the H2O2-mediated
and horseradish peroxidase-dependent oxidation of phenol red
to a reaction product that absorbs maximally at 610 nm. The
phenol red assay solution contained 140 mr'i NaC1, 10 mM
potassium phosphate pH 7.0, 5.5 m dextrose, 0.28 m phenol
red (Sigma) and 8.5 U/ml horseradish peroxidase (Type II, 170
purogallin U/mg solid; Sigma). Assays were performed in
triplicate by adding 106 adherent mononuclear cells to 1 ml of
phenol red assay solution and incubating at 37° with 5% CO2 for
60 minutes. At the completion of the incubation, the superna-
tant was obtained, alkalinized by the addition of 10 sl of I M
NaOH and the absorbance at 610 nm determined. Standard
curves of the absorbance of 1 to 60 M H2O2 solutions were
used to determine the H2O2 content of the unknown samples.
Hydroxyl radical assay. OH' was measured by the oxidation
of deoxyribose as previously described [211. The adherent cells
were incubated with 100 mrvi deoxyribose at 37°C for 60
minutes. The triplicate tubes then had I ml trichloroacetic acid
(60 g/liter) and 0.5 ml TBA reagent (1 g thiobarbituric acid in 100
ml of 0.05 M NaOH) added. Cells were removed by centrifuga-
tion prior to heating at 100°C for 10 minutes and the absorbance
of the supernatant at 532 nm was measured against identically
processed cell-free tubes as blanks. Results are expressed as
arbitrary units of OH'/hr/106 cells (units = Absorbance532 x
10).
Statistics
Comparisons between group data were performed using the
Student t-test for unpaired data, The standard error was taken
as an estimate of variance. All numerical data are expressed as
means SEM.
Results
Macrophage dependent glomerulonephritis
Rabbits (N = 6) developed a proliferative glomerulonephritis
characterized histologically by a prominent glomerular mono-
nuclear cell infiltrate and associated with marked proteinuria
(384 56 mg/24 hrs). Numerous intraglomerular monocytes
were revealed by positive esterase staining in tissue sections
(Fig. 1) and observed in the cellular outgrowths from isolated
cultured glomeruli (42.6 11.5 glom macs/glomerulus).
Macrophage reactive oxygen species production
Glomerular macrophages isolated from nephritic glomeruli
were found to have augmented production of all three reactive
oxygen species compared to the control macrophage popula-
tions which were studied (Fig. 2).
Superoxide production (02). 02 production by glomerular
macrophages was 48.9 5.5 nmol/hr/106 cells. This was signif-
icantly higher than the O2 production of blood monocytes (8.6
1.4 nmol/hr 106 cells, P < 0.01) and alveolar macrophages
(9.8 2.0 nmol/hr/l06 cells, P < 0.01).
Hydrogen peroxide production (H202). Glomerular macro-
phages generated significantly greater amounts of H2O2 (4.4
2.5 nmol/hr/106 cells) than alveolar macrophages (0.6 0.3
nmol/hr/106 cells, P < 0.05). While they also generated numer-
ically more H,02 than blood monocytes (1.6 0.9 nmol/hr/106
cells) this difference was not statistically significant.
Hydroxyl radical production (OH'). OH' production by gb-
merular macrophages was 57.8 4.7 U/hr/l06 cells, signifi-
cantly greater than OH' production by blood monocytes (9.9
1.2 U/hr/l06 cells, P < 0.01) and alveolar macrophages (11.0
1.8 U/hr/l06 cells, P < 0.01).
The levels of production of reactive oxygen species by
glomerular macrophages isolated from nephritic glomeruli were
comparable to the levels of these species produced by blood
monocytes from normal animals stimulated by incubation with
phobol myristate acetate (PMA: 5 ng/ml; 02, 59.2 6.4 nmol/
hr/106 cells; H202, 5.2 1.9 nmollhr/106 cells; OH', 68.5 5.3
U/hr/106 cells) and to previously reported values for oxygen
metabolite production by stimulated leucocytes involved in
inflammatory reactions [22—26].
To control for a possible effect of plasma antioxidants, assays
for reactive oxygen species were also performed in the presence
of fresh plasma (Fig. 3). There were no significant differences in
the generation of reactive oxygen species, as monitored by the
described assay systems in the presence of plasma, consistent
with previous observations on the lack of an inhibitory effect of
serum components on leucocyte generation of reactive oxygen
species [22, 24].
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Fig. 1. A photomicrograph of a glomerulus from a rabbit with macrophage dependent glomeru!onephritis demonstrating numberous intraglo-
merular monocytes stained by the non-spec(flc esterase technique (x 250).
Discussion
Extensive glomerular macrophage accumulation has been
demonstrated in proliferative forms of human and experimental
glomerulonephritis [1—9]. In several experimental models of
glomerulonephritis, glomerular injury has been shown to be
directly consequent upon macrophage infiltration [1, 41. The
cellular mechanism by which macrophages induce glomerular
injury are unknown, and the functional activities of glomerular
macrophages have not been directly assessed.
The production of reactive oxygen species is critically impor-
tant for a number of normal biological functions [13, 141.
However, the extracellular release of these species by activated
phagocytes induces cell injury [10—14]. These oxygen metabo-
lites (02, H202 and OH') can produce cell dysfunction and
death by interaction with structural, metabolic and genetic
material [14]. Their role has been most widely studied in
neutrophil-mediated tissue injury and bacteriocidal activity.
Reactive oxygen species from neutrophils have been demon-
strated to induce red blood cell lysis [27] and endothelial cell
damage [28] in vitro, and are involved in experimental lung
injury in vivo [29, 30]. A role for these reactive oxygen species
has also been demonstrated in glomerular injury by blocking
studies using catalase [311 and desferrioxamine [22] to attenuate
the acute (neutrophil mediated) phase of glomerular injury in
experimental anti-GBM antibody-induced glomerulonephritis.
Macrophages are also a potent potential source of reactive
oxygen species. These reactive oxygen metabolites are impor-
tant for the bacteriocidal and tumorcidal activities of macro-
phages [10—14]. Little is known about the role of these oxygen
radicals in macrophage-induced tissue inflammation.
The current study demonstrates that intraglomerular macro-
phages in nephritic glomeruli produce a variety of reactive
oxygen species. Glomerular macrophages produced signifi-
cantly greater amounts of hydroxyl radical and superoxide
anion than either circulating blood monocytes or tissue macro-
phages obtained from a disease free site (that is, alveolar
macrophages). Hydrogen peroxide production by glomerular
macrophages was also significantly greater than H202 produc-
tion by alveolar macrophages. The production of reactive
oxygen species by glomerular macrophages may be an impor-
tant mechanism by which these cells induce glomerular injury
(proteinuria). Production of reactive oxygen species by neutro-
phils has previously been demonstrated to cause glomerular
injury in a neutrophil dependent model of experimental renal
disease [31].
The current studies indicate that, with the induction of acute
GN, glomerular macrophages recruited from the circulating
monocyte population [2] are stimulated locally to increase their
production of reactive oxygen species. This observation is
consistent with other recent evidence for the local activation of
glomerular macrophages in acute glomerulonephritis [32].
Many of the immune reactants deposited in diseased glomeruli
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Fig. 2. The production of superoxide anion (02_; A), hydrogen perox-
ide (H202 B), and hydroxyl radical (OH; C) by glomerular macro-
phages (open bars), blood monocytes (shaded bar) and alveolar mac-
rophages (hatched bar) isolated from rabbits on day 6 of macrophage
dependent glomerulonephritis
in this model of injury are known to increase macrophage
production of reactive oxygen species, including immunoglob-
ulin Fc binding and activated complement components [10—14].
It is probable that such "phlogistons" contribute to in situ
activation of macrophages within glomeruli.
In summary, local augmentation of reactive oxygen species
production by infiltrating glomerular macrophages has been
demonstrated in a macrophage dependent model of glomerular
injury. Although the application of oxygen radical scavengers to
complex biological systems has a number of limitations [14],
these studies provide a firm basis to encourage exploration of
the efficacy of oxygen radical scavengers in attenuating macro-
phage-dependent immune glomerular injury.
Glomerular macrophage
oxygen species production
Fig. 3. Failure of inhibition of glomerular macrophage species gener-
ation by incubation in rabbit plasma at a final concentration of 50%
(02 nmol/hr/I05 cells; H2O2 nmol/hr/106 cells; OH units/hr/JO6 cells).
Symbols are: (LI) no plasma; () added plasma.
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